Clathrin is a protein expressed ubiquitously that has important functions in membrane trafficking and mitosis. Two different gene fusions involving clathrin heavy chain (CHC) have been described in human cancers. These involve either anaplastic lymphoma kinase (ALK) or transcription factor binding to IGHM enhancer 3 (TFE3) and raise the possibility that altered clathrin function in cells expressing the fusion proteins could contribute to oncogenesis. In the present study, we tested the functions of CHC-ALK and CHC-TFE3 in endocytosis and mitosis. CHC-ALK is comparable to full-length CHC in both functions indicating that malignant transformation in cells expressing CHC-ALK is not because of any change in clathrin function. CHC-TFE3 is not functional in endocytosis, but can substitute for CHC in mitosis. CHC-TFE3 causes prolonged interphase that is attributed to the TFE3 portion of the protein. We also describe how CHC-TFE3 is a dimer. This suggests that clathrin's proposed role in intermicrotubule bridging can be fulfilled not only by trimers but also by dimers. Finally, this study shows that the membrane trafficking and mitotic functions of clathrin are independent and separable.
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Clathrin is a trimeric assembly, or triskelion, consisting of three heavy (∼190 kDa) chains, each with an associated light (25-27 kDa) chain (1) (2) (3) . Two clathrin heavy chain (CHC) genes exist in humans: CHC17 (CLTC at 17q11-qter) and CHC22 (CLTCL1 at 22q11.21) (4, 5) . CHC17, referred to herein as CHC, is expressed constitutively at high levels in all cells, whereas the expression of CHC22 is very low in most cells but is upregulated in skeletal muscle. In non-dividing cells, clathrin forms coats on membranes destined for vesicular transport either from the plasma membrane to endosomes or between endosomes and the trans Golgi network (6) . When the cell enters mitosis, membrane trafficking is inhibited (7, 8) and a subset of clathrin becomes localized to the mitotic spindle (9) (10) (11) . The function of clathrin here is to stabilize the kinetochore fibers (K-fibers) of the mitotic spindle. It is proposed that clathrin achieves this by acting as an intermicrotubule bridge (5, (11) (12) (13) (14) (15) .
Whether CHC22 is functionally different from CHC17 is currently debated (12, 16, 17) , but its expression is too low in most cells to account for any redundancy of function following the depletion of CHC17 (12, 16 ) and it will not be considered further here. CHC is involved in two different types of gene fusion in human cancers. Anaplastic lymphoma kinase (ALK)-positive non-Hodgkin's lymphomas frequently contain a fusion protein involving clathrin: CHC-ALK. CHC-ALK has been reported in anaplastic null/T-cell lymphoma (18, 19) , ALK+ diffuse large B-cell lymphoma (20) (21) (22) (23) (24) (25) (26) (27) and a rare non-lymphoid neoplasm, inflammatory myofibroblastic tumor (28, 29) . Furthermore, a fusion of CLTC with the C-terminal region of transcription factor binding to IGHM enhancer 3 (CHC-TFE3) has been reported in one case of pediatric renal cell carcinoma (30) . A schematic diagram in Figure 1A shows the secondary structures of CHC (1675 residues), ALK (1620 residues) and TFE3 (575 residues). CHC-ALK is formed by chromosomal translocation t(2;17)(p23;q23) and results in the fusion of CHC (aa 1-1634) to the Cterminus of ALK (aa 1058-1620). This breakpoint is similar to other ALK fusions, e.g. nucleophosmin-ALK (NPM-ALK) at t(2;5)(p23;q35) (31) . For CHC-TFE3, CHC (aa 1-932) is fused to the C-terminus of TFE3 (aa 295-575) by chromosomal translocation t(X;17)(p11.2;q23). CHC-ALK is predicted to be a trimer due to the preservation of the trimerization domain of CHC. In CHC-TFE3, the fusion excludes the trimerization domain of CHC, but includes the helix-loophelix leucine zipper (HLH-LZ) of TFE3 that may mediate dimerization. It is unknown whether or not either of these proteins are functional.
Expression of other ALK-fusion proteins, e.g. NPM-ALK, is sufficient to cause cancer (33) . Stat3 activation is required for ALK-mediated lymphomagenesis (33) . However, it was reported that CHC-ALK does not activate Stat3 (34) , which raised the possibility that perturbed clathrin function may play a role in oncogenesis, although a later study concluded that CHC-ALK may activate Stat3 (35) . The oncogenic mechanism following the expression of CHC-TFE3 is also unclear. Although differences in the function of various ALK-fusion proteins suggest a contribution from the N-terminal partner, e.g. ability to multimerize, subcellular distribution, rates of proliferation and differential activation of signaling pathways (34), the specific contribution of N-terminal portions of these fusion proteins has so far been overlooked (36) . Since the discovery of a role for clathrin in cell division, we set out to determine what effect the gene fusions have on clathrin function. This would allow us to assess what contribution clathrin has in malignant transformation of cells expressing clathrin gene fusions. 1675 ) comprises an N-terminal domain, linker region (L), CHCR 0-7, α-zigzag and a trimerization domain followed by a variable region (V) (32) . ALK (aa 1-1620) is a receptor tyrosine kinase, with extracellular, transmembrane (TM) and cytoplasmic domains. The extracellular domain has two meprin/A5/mu (MAM) domains and an intervening LDLR class A repeat. TFE3 (aa 1-575) is a transcription factor with a strong transactivation domain (STAD), DNA-binding basic motif (DNA), basic helix-loop-helix (bHLH) and leucine zipper (L Zip) domains. CHC-ALK comprises CHC (aa 1-1634) fused to the C-terminus of ALK (aa 1058-1620), whereas CHC-TFE3 comprises CHC (aa 1-932) fused to the C-terminus of TFE3 (aa 295-575). B) Representative confocal images to show the subcellular distributions of GFP-CHC, GFP-CHC-ALK and GFP-CHC-TFE3 expressed in HEK293 cells depleted of endogenous CHC. Cells in interphase (above) and mitosis (below) were fixed and co-stained for tubulin. Scale bar, 10 μm.
Results and Discussion
The subcellular distributions of CHC-ALK and CHC-TFE3 were compared with that of CHC by expression of green fluorescent protein (GFP)-tagged versions of each protein in cells depleted of endogenous CHC. We found that GFP-CHC-ALK had a subcellular distribution that was very similar to GFP-CHC. GFP-CHC-ALK was found in numerous puncta, presumably pits and vesicles in the cytoplasm, and accumulated in a perinuclear region ( Figure 1B) . During mitosis, GFP-CHC-ALK, like GFP-CHC, was localized to the mitotic spindle ( Figure 1B) . GFP-CHC-TFE3, on the other hand, was localized exclusively to the nucleus in cells in interphase ( Figure 1B ). During mitosis, GFP-CHC-TFE3 was accumulated at the mitotic spindle in most cells. In cells with strong expression, GFP-CHC-TFE3 was accumulated at puncta on mitotic chromosomes. These puncta were not centromeres/kinetochores as they were too few in number and they did not colocalize with anti-CENP-B or CREST and may represent protein aggregates. The subcellular localizations of GFP-CHC-ALK and GFP-CHC-TFE3 were similar to that previously reported in clinical samples expressing CHC-ALK and CHC-TFE3 processed for immunohistochemistry (18, 30) .
To assess the cellular functions of CHC-ALK and CHC-TFE3, we examined the ability of each protein to 'rescue' those functions that are affected by the depletion of CHC. In each assay, the following conditions were compared: 'Control' (GFP coexpressed with control shRNA), 'GFP' (GFP coexpressed with CHC shRNA) and 'CHC', 'CHC-ALK', 'CHC-TFE3' (GFP-tagged CHC gene fusions coexpressed with CHC shRNA).
The endocytic function of clathrin gene fusion proteins was tested by assaying their ability to uptake fluorescent transferrin. As previously described, the uptake of transferrin (50 μg/mL for 10 min) was inhibited by clathrin depletion and the uptake was rescued by the expression of GFP-CHC (13) . GFP-CHC-ALK, but not GFP-CHC-TFE3, was able to rescue normal endocytosis ( Figure 2 ). This suggests that the fusion of ALK at the C-terminus of CHC does not inhibit trimerization nor does it interfere with any regions of CHC needed for interactions with other CHCs for lattice formation. CHC-TFE3, on the other hand, could not uptake transferrin ( Figure 2 ). This result is perhaps not surprising as the gene fusion interferes with trimerization and removes many of the clathrin heavy chain repeat (CHCR) regions needed for lattice formation ( Figure 1A ). Moreover, during interphase, CHC-TFE3 is localized to the nucleus and is therefore not in the correct location for endocytosis ( Figure 2 and GFP-CHC-TFE3 ( Figure 3A ). We also quantified the frequency of transfected metaphase-like cells with misaligned chromosomes. These data were correlated with the mitotic index measurements, with control cells showing ∼20%, rising to ∼50% upon clathrin depletion and a rescue with GFP-CHC, GFP-CHC-ALK and GFP-CHC-TFE3 ( Figure 3B ). A final qualitative assay of clathrin function in mitosis was carried out: the ability to stabilize K-fibers. In this assay, cells at metaphase are briefly chilled to depolymerize any non-stable K-fibers. GFP cells, but not controls, showed missing K-fibers following this manipulation ( Figure 3C ). K-fibers were cold-stable in CHC, CHC-ALK or CHC-TFE3 cells. This result, although qualitative only, agrees with the measurements of rescue of mitotic index and the frequency of misaligned chromosomes. Interestingly, the expression of GFP-CHC-TFE3 appeared to be a more effective rescue protein compared with GFP-CHC (mitotic index of CHC versus CHC-TFE3, p = 0.0213). The reduction in mitotic index relative to 'GFP' could be because of rescue of mitosis and/or other changes in the cell cycle. Although the rescue of chromosome alignment and of K-fiber stability indicates that the reduction in mitotic index is not solely because of other changes in the cell cycle.
This difference prompted us to examine how cells progressed through mitosis. To do this, we arrested cells at the G2/M boundary using 30 ng/mL nocodazole and monitored the mitotic profiles of the cells at 0, 45 and 90 min following their release. Immediately after release, the majority of mitotic cells are arrested in prometaphase ( Figure 4A ). With the exception of GFP, all conditions passed through mitosis similarly, indicating that GFP-CHC, GFP-CHC-ALK and GFP-CHC-TFE3 gave a functional rescue of mitosis. This suggests that the reduction in mitotic index to below control levels seen previously with GFP-CHC-TFE3 is likely to be due in part but not wholly to changes in cell cycle timings outside M-phase.
It was noted that the number of cells arrested by the nocodazole treatment was lower in GFP-CHC-TFE3 than in any of the other conditions ( Figure 4A ). To investigate this further, we tested what proportion of cells we arrest at the G2/M boundary with a 16-h nocodazole treatment. Figure 4B shows that in 16 h we arrested ∼60% of control or GFP cells, whereas only half of this fraction was arrested in GFP-CHC-TFE3 cells. To test whether this was related to CHC depletion and rescue or to expression of GFP-CHC-TFE3 itself, the fusion protein was expressed on a normal background. This resulted in a similar low capture of cells at G2/M by nocodazole. The nocodazole blockade is sound as virtually all the cells that are arrested in mitosis were blocked at prometaphase, whereas this would be lower if cells were slipping through the nocodazole block. This result indicates that there is a delay in non-M-phase regions of the cell cycle in cells expressing GFP-CHC-TFE3 and that this is unrelated to CHC depletion.
To test this hypothesis, we next examined how cells expressing GFP-CHC-TFE3 progress through the cell cycle when released from blockade at the G1/S boundary. Cells were arrested at G1/S with a double-thymidine block protocol and were analyzed at various times after release ( Figure 4C ). Control and GFP cells began to enter mitosis at around 7 h after release. GFP cells accumulated in mitosis, a result of the delay at prometaphase upon clathrin depletion (11) . The greater variability of the mean mitotic index in GFP cells likely reflects the variability of clathrin depletion across different experiments. GFP-CHC-TFE3 cells were delayed by approximately 2 h and this delay was unaffected by the depletion of endogenous CHC. Again, the progression through mitosis appeared normal for cells expressing GFP-CHC-TFE3 ( Figure 4D ). Together, these results confirmed that cells expressing GFP-CHC-TFE3, regardless of endogenous clathrin levels, are delayed in interphase. As this was independent of CHC, it indicates that CHC-TFE3 has a dominant effect on prolonging interphase probably by alteration of the expression of genes that are regulated by TFE3. The delay in S/G2 observed after release from double-thymidine block ( Figure 4C ) could only partially account for the difference observed in nocodazole arrest ( Figure 4B ). In those experiments, nocodozole treatment of asynchronous cells for 16 h arrested approximately half the number of cells expressing GFP-CHC-TFE3 compared to the controls. Mitotic exit is apparently normal (Figure 4A ), which suggests that interphase is approximately twice as long. Lengthening S/G2 by 2 h (∼125% of controls) cannot by itself account for this difference. We therefore predict that in G1 a similar or longer delay occurs.
How can CHC-TFE3 rescue mitosis in cells depleted of CHC? It is thought that clathrin's mitotic function of stabilizing K-fibers is by clathrin acting as an intermicrotubule bridge (11, 13, 15) . We have previously shown that trimerization of clathrin is critical for its mitotic function (13) . The trimerization domain of CHC is preserved in CHC-ALK, whereas it is absent in CHC-TFE3 ( Figure 1A) . We tested whether the basic helix-loop-helix and leucine zipper motifs present in CHC-TFE3 could mediate alternative multimerization, i.e. dimerization. To do this, CHC or CHC-TFE3 was tagged at the N-terminus with either Myc or Flag epitope tags. These constructs were then expressed singly or pairwise in human embryonic kidney (HEK293) cells ( Figure 5A ). Immunoprecipitation (IP) of Flag-CHC or Flag-CHC-TFE3 resulted in the coprecipitation of Myc-CHC or Myc-CHC-TFE3, respectively. Mixing the singly transfected cell lysates prior to IP did not result in co-IP, which indicated that the interaction was the result of specific assembly of Flag-and Myc-tagged multimers in cells.
The bHLH-LZ motifs in TFE3 are thought to mediate homodimerization of this transcription factor. As our co-IP experiments suggested that CHC-TFE3 exists as a multimer, we next tested whether CHC-TFE3 was a dimer by cross-linking Flag-CHC-TFE3 using disuccinimidyl suberate (DSS) and analyzing the protein using SDS-PAGE and western blotting using anti-FLAG. As a positive control for cross-linking, we used P2X4-GFP, a known homotrimer (37, 38) . Upon DSS treatment, the band for FLAG-CHC-TFE3 shifted from ∼140 to ∼300 kDa, consistent with homodimer formation ( Figure 5B ). The band for P2X4-GFP showed a shift from ∼80 to ∼260 kDa, which was consistent with homotrimer formation. This suggests that the dimerization motifs in TFE3 are functional in CHC-TFE3 and that CHC-TFE3 exists as a dimer. As CHC-TFE3 was able to rescue the mitotic defects caused by clathrin depletion, the implication here is that dimerized clathrin may be just as efficient as trimeric clathrin in terms of its mitotic function.
In this study, we have shown that CHC-ALK is fully functional in our assays of endocytic and mitotic functions. Any contribution of CHC-ALK to malignant transformation of cells expressing this fusion is not because of perturbation of clathrin function. It seems likely therefore that the strong constitutive expression of CHC results in robust expression of CHC-ALK and that the tyrosine kinase activity of ALK is transactivated due to the obligatory trimerization of CHC-ALK. By contrast, CHC-TFE3 was non-functional in endocytosis but could operate in mitosis. We have previously identified a truncation mutant of CHC that is functional in endocytosis but not mitosis (12) . The present work with CHC-TFE3 leaves little doubt that the functions of clathrin in endocytosis and mitosis are distinct and separable. Several proteins with roles in membrane trafficking during interphase have mitotic 'moonlighting' functions (39, 40) . This has led to the proposal that membrane trafficking and mitosis are intrinsically linked (39) or that mitotic spindle function can be modulated by a membranous matrix that in turn is regulated by trafficking (40) . There may indeed be linkage or cross-talk between these two important cellular functions, but our present findings argue that, at least for clathrin, there is no evidence for this. Finally, if the 'bridge hypothesis' for clathrin function in mitosis is correct, then the prospect of dimeric CHC-TFE3 bridges rather than trimeric inter-microtubule cross-links is an unexpected and intriguing notion that will be explored further.
Materials and Methods

Molecular biology
The pBrain strategy to knockdown endogenous CHC17 by RNAi and to re-express GFP-tagged proteins was employed as described previously (11) (12) (13) . The plasmids pBrain-GFP-CHC1 (control), pBrain-GFP-CHC4 (GFP), pBrain-GFP-CHC(1-1675)-KDP-CHC4 (CHC17) and GFP-P2X4 were available from previous work (11, 13, 41) .
ALK cDNA (RMS17-2) was a kind gift of Stephan Morris (St. Jude Children's Research Hospital). CHC-ALK was made by overlap extension polymerase chain reaction (PCR) and inserted into XbaI-MluI of pDiddy-GFP-CHC(1-1639)KDP-CHC4. A MluI-MluI fragment from pEGFP-C1 was ligated at MluI to repair the polyA sequence in the vector and give pDiddy-GFP-CHC-ALKKDP-CHC4. The pDiddy and pBrain systems are interchangeable (13).
TFE3 cDNA was purchased from Geneservice (TFE3, mRNA MGC: 39177, IMAGE: 4576858). GFP-CHC-TFE3 was made by taking advantage of an AseI site next to the fusion site (after aa 932). A PCR fragment comprising TFE3 residues 296-575 was ligated into GFP-CHC(1-1675)KDP at AseI(partial)-XmaI. This was converted to pBrain-GFP-CHC-TFE3KDP-CHC4 by ligation of an ApaLI-ApaLI fragment from pBrain-GFP-CHC(1-1675)KDP-CHC4.
To make Flag-and Myc-tagged constructs, oligonucleotides were annealed and inserted in place of GFP at AgeI-BglII in pEGFP-C1. All constructs were verified by restriction digest and automated DNA sequencing (GATC).
Cell biology
HEK293 cells were cultured in DMEM containing 10% fetal bovine serum and 100 U/mL penicillin-streptomycin at 37
• C and 5% CO 2 .
Cells were plated onto poly-L-lysine-coated coverslips at a density of 40 000-70 000/mL. Transfection was carried out the next day using the calcium phosphate method. Briefly, 1 h before transfection the medium is replaced with 1 mL of fresh medium. For one well of a six-well plate (two coverslips), 5 μL of 2.5 M CaCl 2 and 1.25 μg of DNA were mixed with 0.1× TE buffer [1 mM Tris-Cl, 0.1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.6] to make up to 50 μL. A 50 μL of 2× HEPES buffer (140 mM NaCl, 1.5 mM Na 2 HPO 4 , 50 mM HEPES, pH 7.05) was added and left for 1 min at 37
• C to allow precipitate to form. Precipitate was added to the cells and the media changed 6 h later.
All cells were analyzed 3 days post-transfection, when knockdown was maximal (11) . For measurements of mitotic index, misaligned chromosomes, transferrin uptake, K-fiber stability, cells were fixed in 3% paraformaldehyde/4% sucrose in PBS for 10 min and coverslips were mounted using Mowiol 4-88, 4 ,6-diamidino-2-phenylindole 10 μg/mL.
For immunocytochemistry, cells were fixed as described above, permeabilized for 10 min in PBS containing 0.5% Triton-X-100 and blocked for 2 h in blocking solution (3% BSA, 5% goat serum in 1× PBS). The primary and secondary antibodies were made up in blocking solution and left on for 2 and 1 h, respectively, the cells were washed 3× for 5 min in PBS after the primary and secondary antibody incubations. The coverslips were then mounted as above.
For qualitative assessment of K-fiber stability, growth medium was exchanged for ice-cold DMEM and the cells were put on ice for 5 min. Cells were then fixed, stained and mounted.
For transferrin uptake, cells were serum starved in DMEM for 30 min, transferrin-Alexa-Fluor 546 (Invitrogen) was added (1:100 in DMEM, 5 mg/mL stock) for 10 min, all at 37
• C and 5% CO 2 , then fixed and mounted.
For nocodazole treatment, at 53-55 h post-transfection nocodazole (30 ng/mL) was added. After 16 h, cells were washed 3× in warm DMEM and then growth medium was added. After 0, 45 or 90 min, the cells were washed in PBS, fixed and mounted.
For thymidine treatment, at 20-30 h post-transfection thymidine (2 mM) was added. After 16 h, the cells were washed 3× in warm DMEM and then growth medium was added. After 7 h, thymidine (2 mM) was added and incubated for 16 h. Cells were then washed as before and fixed after various time-points of release.
Antibodies
Antibodies used were monoclonal anti-Flag (Sigma-Aldrich), monoclonal anti-cMyc (9E10, purified in-house) and polyclonal anti-GFP (generous gift from Francis Barr, University of Liverpool, UK). For immunoblotting, antibody concentrations were as follows: 1:500 anti-Flag, 1:200 anti-cMyc and 1:1000 anti-GFP. Anti-mouse horseradish peroxidase (HRP)-conjugated immunoglobulin G (IgG) (GE Healthcare; 1:10 000) and anti-sheep HRPconjugated IgG (Cambridge Bioscience; 1:10 000) were used for detection. For immunofluorescence, primary antibodies used were rabbit-anti-β-tubulin (Abcam) and mouse-anti-CENP-B (generous gift from Bill Earnshaw, University of Edinburgh, UK). Secondary antibodies used were goat-antirabbit Alexa 568 and goat-anti-mouse Alexa 633 (Invitrogen). Antibody concentrations were as follows: 1:1000 anti-β-tubulin, 1:1000 anti-CENP-B and 1:500 Alexa 568/633.
Biochemistry
For whole-cell lysates, cells were lysed in buffer A (20 mM Tris, pH 7.5, 150 mM NaCl, 1% Igepal, 15 μg/mL DNAse, 30 mM NaF, 5 mM Na 3 Vo 4 , 100 nM okadaic acid, protease inhibitor cocktail). Samples were incubated on ice for 30 min and lysates were cleared by centrifugation at 20 800 × g for 2 × 15 min at 4
• C. The supernatant was retained as cell lysate.
For IPs, 200 μg of lysate was precleared with 15 μL of protein G beads for 1.5 h at 4 • C, rotating, then incubated with 2.5 μg of Flag antibody for 1 h at 4
• C, rotating. Ten microliters of protein G beads was then added and incubated for a further 1 h at 4
• C, rotating. Beads were washed once with 7.5, 150 mM NaCl, 0.1% Igepal, protease inhibitor cocktail), resuspended in Laemmli buffer and analyzed by SDS-PAGE and immunoblotting.
For cross-linking experiments, the cross-linking reagent DSS (Pierce) was freshly prepared in DMSO, diluted to a final concentration of 0.5 mM and incubated with the lysate (15 μg CHC-TFE3 and 7.5 μg P2X4) at room temperature for 5 min. Control samples without cross-linker were incubated with DMSO only. The reaction was quenched by the addition of Tris-Cl, pH 7.5, to a final concentration of 50 mM and incubated for 30 min at room temperature. All samples were mixed with Laemmli buffer and analyzed by SDS-PAGE and immunoblotting.
Imaging, quantification and analysis
All imaging, quantification and analysis was performed as described previously (12, 13 
